Nanoscale domains of donor and acceptor materials are crucial for charge generation in organic photovoltaic devices. These domains are difficult to achieve reproducibly in blended materials, but could be engineered into single-material active layers composed of donor-acceptor block copolymers (BCPs). In this work, we report the synthesis and purification of two novel fully conjugated BCPs, P3HT-b-PF TEG TBT and P3HT-b-PF TEG T6BT. To enhance phase separation and self-assembly, these two polymers incorporate tetraethylene glycol side chains into the PFTBT acceptor block, generating an amphiphilic system. The chemical disparity of the donor and acceptor blocks allowed the development of a purification strategy capable of isolating the desired BCP from homopolymer contaminants. This is a significant improvement over previous systems in which homopolymer contaminants can dominate the reaction mixture, affecting performance and morphology. We show that preliminary morphological analysis indicates spontaneous phase separation in thin films, demonstrating the efficacy of this design strategy and the potential application of these materials in organic photovoltaic devices.
INTRODUCTION
Bulk heterojunction organic photovoltaics (OPVs) could provide a source of renewable energy that is inexpensive and printable on flexible substrates via roll-to-roll processes. This technology would supplement the bulky, rigid modules of traditional silicon PV with a cheap, highly portable alternative. The field of OPV research has developed significantly over the past 15 years, with power conversion efficiencies increasing from 2.5% in 2001 1 to 11.5% in 2016. 2 However, the transfer from laboratory to industry has yet to be fully realized. For this reason, new approaches to material design and optimization must be investigated with a focus on key industrial factors such as increased solvent processability, stability and reproducibility in addition to efficiency. 3, 4 In OPV, absorption of light does not generate free charges directly. Instead, a coulombically-bound charge pair termed an exciton is created. Excitons require an additional input of energy if they are to undergo charge separation into free charges, and this is accomplished through combining materials with differing electron affinities together in a thin film. The energetic offset leads to preferential segregation of the electron into the acceptor material and the hole into the donor material. Control of donor/acceptor domain sizes is crucial for OPV efficiency because charge separation occurs at the interface between donor and acceptor, and because the distance that an exciton can diffuse during its lifetime is around 10 nm. 5 Ideal domain sizes are between 10 and 20 nm, 6 small enough that most excitons can reach an interface, but large enough to minimize recombination between the free charges.
The most common method of obtaining these domains is through blending the donor and acceptor materials and co-depositing them onto a chosen electrode. Often subsequent processing steps such as thermal annealing 7, 8 or solvent vapor annealing 9, 10 are used to encourage partial phase separation. The resultant morphologies are difficult to control and maintain, and small variations in technique and material can lead to suboptimal domain sizes. 11 For example, it has been shown that simply operating solar cells composed of blended materials generates enough heat to induce further phase separation and detrimentally increase domain sizes in semicrystalline materials. 12 This hinders application of these materials in industry where reproducibility and stability are crucial. In addition, a key advantage of OPV is the solution processability of these materials. However, in these blended materials, the choice of solvent is restricted to those that can accommodate both components to some threshold level. To date, this most often dictates the use of chlorinated and toxic solvents that are disadvantageous for industrial applications, 13 although there have been recent advances in the use of non-chlorinated aromatic solvents such as mesitylene and anisole. 14, 15 One alternative to this blending approach is the covalent linkage of donor and acceptor material into a single entity. Ideally in such a system, the donor and acceptor units will self-assemble into domains in the order of the size of the individual components, therefore to achieve 10 nm domains, the materials must necessarily be polymeric. Previous work on molecular donor-acceptor materials produced only modest power conversion efficiencies, a result attributed to a loss of charge carriers to recombination within the overly small domains. 16 Although there has been extensive work on block copolymers (BCPs) that employ pendant chromophores on a nonconjugated backbone, [17] [18] [19] [20] [21] to maximize chromophore density, the polymers should be fully conjugated. For these reasons, fully conjugated BCPs are the subject of this investigation.
Within these constraints, material design is freed from balancing the solubilities of the two-component system. Rather, the solubility of the donor-acceptor pair can be tuned through modification of a single component, for example, incorporating hydrophilic side chains into the donor or acceptor polymer will increase the solubility of the pair in polar solvents. The covalent linkage of donor and acceptor physically prohibits the separation of the two materials into overly large domains. Rather than trying to attain metastable partial phase separation as in blends, in BCP systems, the optimal morphology is obtained when the materials obtain complete phase separation into well-defined domains. Although BCPs with flexible backbones can adopt a variety of morphologies depending on the composition, fully conjugated BCPs are more rigid and so tend to adopt lamellar morphologies. 22 If properly oriented perpendicular to the electrode substrate, these lamellae could provide excellent charge percolation pathways, ideal for OPV function. The application of this envisioned morphology in an organic photovoltaic is depicted in Figure 1 .
Although BCPs provide a well-controlled route to a theoretically ideal morphology, obtaining clean phase separation in fully conjugated materials has proven to be a challenge. The highest performing example of this strategy to date achieved a power conversion efficiency of 3.1% employing poly(3-hexylthiophene) (P3HT) as the donor material and poly(2,7-(9′,9′-dioctylfluorene)-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole) (PFTBT) as the acceptor material in the BCP P3HT-b-PFTBT (Figure 2a , R = H). 13 The authors observed phase separation into 9 nm domains in this system, which may have contributed to the high performance. However, in a subsequent investigation of 30 closely related P3HT-b-PFTBT BCP derivatives, little or no phase separation was obtained regardless of processing conditions. 23 This supports previous work carried out on P3HT-b-PFT6BT (Figure 2a , R = C 6 H 13 ), in which no phase separation was observed. 24 The researchers in both projects attributed the lack of phase separation to the incorporation of solubilizing alkyl side chains on the PFTBT acceptor materials, and hypothesized that additional alkyl chains led to an increased miscibility of the donor and acceptor. The poor morphologies led to a drastic decrease in OPV performance.
The degree of phase separation in BCPs can be predicted by the Flory-Huggins segment-segment interaction parameter χ. 25 This parameter balances the energetic cost of the two blocks interacting with each other against the cost of them interacting with themselves. As the interaction between the two blocks becomes less energetically favorable, the value of χ increases and microphase separation becomes more likely, and this effect intensifies as the polymer chain length grows. Once the product of χ and the number of monomers per chain (N) exceeds 10.5, phase separation is favored. 26 Thus, when designing BCP materials, introducing dissimilarity between segments increases the likelihood of obtaining pure domains.
In this work, we report the synthesis of two new polymers based on the P3HT-b-PFTBT scaffold. The materials differ from previous work, in that, hydrophilic tetraethylene glycol side chains were incorporated into the PFTBT material to generate two novel amphiphilic BCPs. Although there is some literature precedence for the synthesis of amphiphilic BCPs, this strategy has not yet been applied to highperformance OPV materials. 27 Tetraethylene glycol was chosen for its ability not only to confer hydrophilicity, but also its demonstrated capacity to increase the dielectric constant of organic materials, thereby enhancing exciton dissociation. 28 This rational design is expected to produce materials with enhanced solubility, microphase separation, morphological reproducibility and photovoltaic performance over existing organic photovoltaic active layers.
EXPERIMENTAL PROCEDURE
Unless otherwise noted, all materials were reagent grade and used as received without further purification. Anhydrous tetrahydrofuran, toluene, dichloromethane and ether were dried using alumina columns. Additional information including measurement details and complete synthetic procedures are given in the Supplementary Information.
The synthetic procedure used to prepare P3HT-b-PF TEG T(R)BT is shown in Scheme 1. All monomers were prepared according to literature procedures, the details of which are presented in the Supplementary Information. The BCPs and isolated acceptor polymers were prepared via Suzuki polycondensation in the presence and absence, respectively, of a poly(3-hexylthiophene) macroinitiator as described below. nitrogen for 15 min. The catalyst Pd(PPh 3 ) 4 (11.5 mg, 0.01 mmol) was added to the mixture and bubbled with nitrogen for an additional 5 min. The reaction vessel was sealed and heated to 90°C with stirring overnight. The polymer was endcapped by adding phenylboronic acid in toluene (20.4 mg, 0.1 mmol) via syringe and stirring for an additional 4 h before the reaction was allowed to come to room temperature. Chloroform and water were added, the organic phase was collected and precipitated in methanol to yield the product. The polymer was collected and purified using Soxhlet extraction in methanol, petroleum spirits and finally chloroform. Synthetic yields and molecular weights are given in Table 1 , whereas 1 H nuclear magnetic resonance (NMR) spectroscopic characterization is given in the Supplementary Information. 4 (57.75 mg, 0.05 mmol) was added to the mixture and bubbled with nitrogen for an additional 5 min. The reaction vessel was sealed and heated to 90°C with stirring for 24 h. The polymer was endcapped by adding phenylboronic acid (53 mg, 0.1 mmol) in 2 ml of degassed toluene and heating at 90°C for 3 h, followed by 30 μl of bromobenzene and stirring for an additional 3 h. The reaction was allowed to come to room temperature. Chloroform and water were added, and the organic phase was collected and precipitated in methanol to yield the product mixture. The polymer was collected, dissolved in chloroform and adsorbed onto 45 ml of silica gel. The silica was then washed with chloroform to remove unreacted P3HT, dichloromethane/methanol (9:1) to remove PF TEG T(R)BT impurities and finally chloroform/methanol (9:1) to afford the BCP. Synthetic yields and molecular weights are given in Table 1 , whereas 1 H NMR characterization is given in the Supplementary Information.
Synthesis of PF TEG T(R)BT acceptor polymer

Synthesis of P3HT-b-PF TEG T(R)BT BCP
RESULTS AND DISCUSSION
The synthetic strategy employed to generate the fully conjugated amphiphilic BCPs P3HT-b-PF TEG TBT and P3HT-b-PF TEG T6BT followed a procedure first developed by Ku et al. 29 in 2012. The P3HT block was prepared through Grignard metathesis polymerization that is known to produce polymers with well-defined molecular weight and a single bromine terminus that can be used in further condensations. 30 Addition of the P3HT-Br macroinitiator to a Suzuki polycondensation reaction between fluorene and dithienobenzothiadiazole monomers 2 and 3 resulted in chain extension to form the desired BCP (Scheme 1). This synthetic approach necessarily generates a mixture of products, including unreacted P3HT, PF TEG T(R)BT homopolymer, as well as diblock and triblock copolymers. Typical purification methods for these syntheses have employed Soxhlet extraction or preparative gel permeation chromatography (GPC) for purification, however, both of these techniques are nonspecific in the species isolated. For example, P3HT-b-PFTBT 13 was purified using a series of Soxhlet extractions in acetone, hexanes and finally chloroform to afford the product. However, none of the polymeric species are soluble in acetone and hexanes, whereas all are soluble in chloroform, and so this technique is incapable of isolating the BCP specifically. It has been demonstrated in extensively studied nonconjugated BCP systems that homopolymer impurities can have a drastic effect on the morphological behavior of these materials. The incorporation of a homopolymer into the BCP assembly is dependent on the stretching energy of the polymers, and if unsuccessful can lead to phase separation into homopolymer rich domains and BCP domains. 31 For example, a 4% increase in homopolymer volume fraction in a BCP/homopolymer blend led to the elimination of a lamellar morphology in favor of a polymeric microemulsion, and with an additional 2% homopolymer, a two-phase system of homopolymer riddled with BCP aggregates was seen. 32 Fully conjugated BCP phase behavior is much less studied, and so these lessons from classical BCP systems may not translate directly, however, they indicate the complexities of blended systems. It is expected that precise control over BCP morphologies will be more easily obtained in a pure BCP system. In addition, an intriguing aspect of these BCPs is that the interface between donor and acceptor is defined covalently and so allows rational design for optimized charge transfer. 33, 34 Homopolymer contaminants dilute this capability. Despite these considerations, difficulties with purification have meant that analysis of fully conjugated BCPs has typically involved polymeric mixtures. A recent report found that out of a synthesis of 30 BCPs, the percentage of diblock copolymer in the reaction mixtures ranged from 33-64%. 23 In the amphiphilic BCP system under investigation, however, the differing solubilities of the homopolymers can be exploited to facilitate purification.
Macroinitiator purification
For this work, the purification began with the P3HT macroinitiator. This was accomplished through successive Soxhlet extractions of the P3HT material in acetone, petroleum ether and dichloromethane to remove all lower molecular weight material. A final chloroform rinse recovered the desired P3HT macroinitiator. The PF TEG TXBT acceptor materials are readily soluble in dichloromethane, and so ideally the P3HT would be insoluble in dichloromethane to allow differentiation between the species. 
BCP purification
Addition of the purified P3HT-Br macroinitiator to the Suzuki polycondensation reaction, described in Scheme 1, generated the desired BCP as well as the other expected polymeric contaminants. The crude reaction mixture was then adsorbed on an excess of silica gel. The tetraethylene glycol moieties on the PF TEG TBT polymers bind more tightly to the silica than P3HT, thus simply washing the silica with chloroform removes the unreacted macroinitiator. Because P3HT-b-PF TEG TBT-b-P3HT triblock copolymers are dominated by the solubility of P3HT, these too are removed in the chloroform wash (see discussion below). The addition of methanol to the eluent disrupts the strong association of the tetraethylene glycol moieties and washing the silica gel with 10% methanol in dichloromethane removes the PF TEG TBT homopolymer. Because the P3HT macroinitiator employed in the BCP is not soluble in dichloromethane by design, only a small amount of BCP is lost in this wash. Finally, washing with 10% methanol in chloroform affords the BCP with a minimum amount of polymeric contaminants, as depicted in Figure 3 . Analysis of the washes using GPC in conjunction with a multiwavelength detector reveals the efficacy of the purification technique. In solution, PFTBT-based materials have characteristic absorption maxima in the 360 nm range, whereas P3HT absorbs most strongly at 450 nm (Figure 4) . By analyzing GPC results at these two wavelengths, the composition of the fractions can be inferred. In Figure 5 , it can clearly be seen that the chloroform washes are predominantly unreacted P3HT macroinitator as well as triblock copolymer. The dichloromethane/methanol washes absorb more strongly at 360 nm, indicating a higher concentration of PFTBT homopolymers. The chloroform/methanol wash, in contrast, has equal absorption at 450 and 360 nm, and is clearly shifted to molecular weights roughly double that of the P3HT macroinitiator. The three fractions from each block copolymerization were collected and analyzed, and the relative compositions of the crude mixtures are summarized in Table 2 . The yields of the polymer mixture before purification were 85 and 82% for P3HT-b-PF TEG TBT and P3HT-b-PF TEG T6BT, respectively. After separation, the majority contaminant in both polymerizations was P3HT, however, the percent of the crude mixture comprised of P3HT is 20% higher in the P3HT-b-PF TEG TBT reaction at the expense of BCP formation that decreased by 10%. The increase in P3HT contamination in P3HT-b-PF TEG TBT can be ascribed to the higher degree of triblock copolymer formed as clearly seen in the GPC trace (Figure 5a ). Although triblock formation is always possible, it is not favored owing to the low concentration of active P3HT end-groups relative to acceptor monomers. However, in P3HT-b-PF TEG TBT, the fluorene monomer is very soluble and can add quickly to the P3HT-Br, whereas the 4,7-dibromo-2,1,3-dithienobenzothiadiazole (TBT) monomer is only poorly soluble and so struggles to add at a comparable rate. This decreased reaction rate increases the likelihood that a P3HT-Br will encounter the reactive boronic acid terminus of the growing BCP. In contrast, the addition of solubilizing hexyl side chains to the TBT unit in P3HT-b-PF TEG T6BT increases the monomer's solubility and markedly reduces the amount of triblock copolymer produced. Although the percentages of BCP present in the crude polymer mixtures are low (21 and 32%), they are not unreasonable when compared with previous reports for this type of BCP synthesis 23, 35 and emphasize the value of a purification technique capable of isolating the BCP product.
The molecular weights of the resultant BCPs and the corresponding homopolymers are summarized in Table 1 . GPC of the P3HT-b-PF TEG TBT and P3HT-b-PF TEG T6BT polymers indicates that they are 42 and 47% P3HT by weight, respectively. Molecular weights were also estimated through the integration of 1 H NMR signals corresponding to the donor and acceptor, and are given in parentheses in Table 1 . These values are in reasonable agreement with GPC data, although they suggest a lower P3HT fraction. This could be an indication of persistent high-molecular weight PF TEG TXBT homopolymer contamination, although the NMR peak broadening that is characteristic of polymeric materials makes this quantification less reliable.
The as-spun film ultraviolet-visible absorption spectra of the two amphiphilic polymers and their component homopolymers are shown in Figure 6 . The addition of solubilizing hexyl side chains in the PF TEG T6BT material leads to a blue shift in absorption, a result of increased steric bulk disrupting the planarity of the conjugated backbone and decreasing the effective conjugation length. 36 An increase in absorption at 450 nm is seen in both BCPs indicating a contribution from the P3HT block. The P3HT absorption is more pronounced in the P3HT-b-PF TEG T6BT materials, a function of the Amphiphilic conjugated donor-acceptor BCP VD Mitchell et al decreased absorption coefficient of the acceptor material resulting from the additional side chains. 37 The absorption onsets are given in Table 3 , and indicate optical energy gaps of 1.8 eV and 1.9 eV for P3HT-b-PF TEG TBT and P3HT-b-PF TEG T6BT, respectively, values that are consistent with those determined from cyclic voltammetry of films (Supplementary Information).
As seen in the spectra of pure P3HT (Figure 6 , red), films of regioregular P3HT are semicrystalline and show characteristic vibronic structure at 530, 560 and 610 nm. 38 The presence of this vibronic structure in BCPs incorporating P3HT is an indication that the P3HT is able to form crystallites, and in turn is an indication of phase separation. 24 In as-spun films of both BCPs, the vibronic structure is suppressed, implying a lack of P3HT crystallinity. This suggests that either the BCPs are not able to phase-separate into domains of purity sufficient for crystallization or that phase separation occurs at the cost of crystallization, a phenonmenon seen in other BCP systems. 29 Differential scanning calorimetry was employed to determine melting and crystallization temperatures and enthalpies of the BCPs. Neither of the isolated PF TEG TXBT homopolymers showed melting or crystallization peaks indicating their amorphous nature, which was expected from investigations of similar materials. 24, 39 Small melting and crystallization peaks corresponding to P3HT were seen for both BCPs (Supplementary Information). The enthalpy of melting for the isolated macroinitiator was measured and is summarized in Table 4 . Using the composition of the polymers (that is, 42 and 47% P3HT) and the enthalpy of melting of the isolated macroinitiator, the degree of crystallinity of the P3HT blocks can be calculated. These measurements indicate that only 16% of the P3HT in P3HT-b-PF TEG TBT is able to crystallize, whereas 25% of P3HT is crystalline in P3HT-b-PF TEG T6BT. Interestingly, P3HT-b-PF TEG TBT showed an additional melting point at 170°C that may be attributed to a different P3HT polymorph present in the BCP film. This low crystallinity in bulk measurements implies that thermal treatment may be insufficient for obtaining microphase separation. To exploit the amphiphilic nature of these BCPs, selective solvent deposition will be investigated. Previous reports have shown that 4-bromoanisole can act as a preferential solvent for PFTBT-based materials, inducing P3HT aggregation that in turn enhances phase separation and domain purity. 40 Preliminary investigations of phase separation by atomic force microscopy have shown that P3HT-b-PF TEG T6BT spontaneously phase separates into 30 nm domains when deposited from 2% 4-bromoanisole in o-xylene (Figure 7 ). This demonstrates the potential advantages of this amphiphilic design. Further optimization and morphological investigation are underway.
CONCLUSION
In this work, two novel BCPs with potential application in OPVs were synthesized and purified. These amphiphilic BCPs are, to our knowledge, the first of their kind to employ this strategy toward enhancing microphase separation and solubility of fully conjugated donoracceptor BCPs for OPV application. The unique design allowed facile purification of these materials through the exploitation of the chemical disparity between the blocks, easily producing BCP species with a minimum of homopolymer contaminants. Although initial evaluations show an inhibition of P3HT crystallinity in bulk measurements, through careful selection of solvent deposition conditions, it is expected that microphase separation and crystallinity can be greatly enhanced in film owing to the amphiphilic nature of the polymers. The synthetic and purification strategy presented could inform future research into BCP materials, contributing to their more widespread implementation in OPV research. The morphological and photovoltaic properties of these new materials are currently under investigation.
